Abstract. In the work there were presented two pedotransfer models for determination of saturated hydraulic conductivity, generated by artificial neural networks (ANN). Models were learned based on empirical data obtained in laboratory, on 56 soil samples of differentiated texture. In the first model the input parameters were: characteristic diameters d 10 , d 50 , d 60 , d 90 , content of sand, silt and clay fractions, total porosity, bulk density and organic matter content. The MLP type of ANN was used. The best fitted model turned out MLP 10-10-1 with satisfactory quality parameters, for learning 0,996, for testing 0,754 and for validation 1,000. Global sensitivity analysis showed that the highest influence on explanation of relationship between saturated hydraulic conductivity in this model had: clay content (absolute influence 37.7%, d 60 (17.1%), sand content (13.5%), d 90 (6.0%), bulk density (5.9%) and total porosity (5.7%). The remaining parameters had absolute influence below 5.0%). The next generated ANN model was MLP 6-10-1, with six explaining parameters, of greatest influence. Correlation coefficient attained value 0.989 and 0.955 for the first and the second model. Mean percentage error pointed out underestimation in comparison to laboratory measurement. The values attained 35.9% and 54.8% respectively. Limitation of explaining parameters did not point high deterioration of the ANN model quality.
INTRODUCTION
Knowledge of water properties of soil has a great significance in natural environment investigations [Saxton et al. 1986 , Gòmez-Plaza et al. 2001 , Sobieraj et al. 2001 , Vukovic and Soro 2006 , Tombul 2007 , Penna et al. 2009 , Sezer et al. 2009 , Temimi et al. 2010 , Qin et al. 2011 , Jia et al. 2013 , Boroń et al. 2016 . One of the basic property connected with water flow in soil is saturated hydraulic conductivity. The methods for its determination are very differential. They can divided into three groups: laboratory, field and empirical ones [Jabro 1992 ]. The field method is commonly regarded as the most accurate one. Direct measurement in a field excludes errors, but is very time and cost consuming. On the other hand the laboratory method is usually rapid, but requires complicated devices. The most popular methods are recently the empirical ones [Jabro 1992 , Carrier 2003 , Odong 2007 , Chapuis 2008 , Salarashayer and Siosemarde 2012 , Parylak et al. 2013 . Their main advantageous is quick result and easier methods for proper data obtaining, usually texture and porosity. At present in literature that methods are commonly called the pedotransfer functions (PTF) [Patil and Singh 2016] . In literature there were presented empirical functions, that may be grouped in three categories. The first one is based only on grains characteristics diameters. The second one apart from grains characteristic diameters regards some physical properties of soil, most often porosity. The third one is based additionally on physical properties of water [Twardowski i Drożdżak 2006] . Recently, in many researches, the artificial neural networks (ANN) for soil properties modeling and their spatial distribution have been used [Minasny et al. 1999 , Merdun et al. 2006 , Wang et al. 2012 , Patil and Singh 2016 , Halecki et al. 2017 . In this paper there was used ANN method for determination saturated hydraulic conductivity. The ANN models were learned based on empirical data, measured in laboratory.
MATERIALS AND METHODS
Samples of soil were taken in various places, located on the area of Cracow administrative district, from 0-25 cm soil layer of arable lands. The number of samples was 56 and they had differentiated texture. In this work there were used artificial neural networks (ANN), as pedotransfer models. The ANN models were generated in the Statistica, ver. 12.3 program. There was used the MLP (Multi Layer Perceptron). The input layer consisted of 10 chosen soil parameters: content of clay (C), silt (Si) and sand (S) separates, diameters d 10 , d 50 , d 60 and d 90 (diameters of particles, which mass with mass of all lower particles composes respectively 10%, 50%, 60% and 90% of soil mass, they were determined based on the cumulative grain size distribution curve), total porosity (n), bulk density (BD) as well as organic matter content (OMC). The input data were divided into learning (50%), testing (25%) and validating (25%) ones. The output layer was the saturated hydraulic conductivity (K s ). Texture was determined by use of the Casagrande's method in the Prószyński modification, according to the PN-R-04032 norm. Content of sand subfractions were determined by the sieve method. Classification of fractions and granular groups was carried out according to the USDA (United States Department of Agriculture). Total porosity was determined based on bulk density (BD) and specific density (SD): n BD SD = − 1 , where bulk density was determined using ring method and specific density by use of pycnometer of 100 cm 3 volume and vacuum chamber. Saturated hydraulic conductivity in laboratory was determined by means of apparatus based on Darcy's law with constant water head, in not disturbed samples of 100 cm 3 volume [Lipka et al. 2006] , and was standardized for 10°C temperature. Global analysis of networks sensitivity allowed to arrange a percentage influence of the following soil parameters in explanation of saturated hydraulic conductivity Analysis of adjustment of empirical models to experimental data was carried out by means of the following measures (Table 1 ). The best Gg -granular groups: L -loam, LS -loamy sand, SL -sandy loam, SiL -silt loam, C -clay, CL -clay loam, SCL -sandy clay loam, Si -silt, S -sand, n -total porosity, BD -bulk density, OMC -organic matter content, K s10 -saturated hydraulic conductivity for 10°C determined by laboratory method fitted ANN model with 10 explanation soil parameters, turned out the MLP 10-10-1, with 10 perceptrons in hidden layer (Fig. 1) . Analysis of fitting quality and errors (Table 2) showed satisfactory level. Fitting quality attained values: 0.996, 0.754 and 1.000 for learning, test and validation responsibly. The Efficiency measures were quite satisfactory (Table 4) . The model underestimates value of K s10 in relation to experimental data of maximum 35.9%. The model efficiency attained value 0.998, and correlation coefficient -0.989. Global sensitivity of ANN showed that the highest influence had: content of clay separate content (C), d 60 , sand separate content (S), d 90 , bulk density (BD) and total porosity (n), with absolute influence above 5% (Table 3) . Then the next artificial neural model was generated, regarding these parameters (Fig. 2) . The best fitted network was MLP 6-10-1, with 10 perceptrons in hidden layer. Analysis of fitting quality and errors ( Values of correlation coefficient r fluctuated between 0.654 and 0.946. All were essential for confidence level 0,05. ME were between -0.001 and 0.830. Results obtained for MEP varied between -0.074 and 11.3, MEP showed that maximum overestimation attained 49.6%. In conclusions authors stated, that analyzed pedotransfer functions are not universal for every granular group. The models analyzed in this work showed satisfactory results for the data used.
CONCLUSIONS
1. The highest influence on explanation of saturated hydraulic conductivity had the following soil parameters: clay separate content, d 60 , sand separate content, d 90 , bulk density and total porosity. 2. Limitation of explaining parameters to six did not deteriorate to a high degree quality of the MLP model in comparison to the one with ten parameters. Test t-Student's did not show statistically essential difference between predicted values of saturated hydraulic conductivity. 3. The analyzed ANN-based pedotransfer functions are universal for various granular groups and show better estimation of saturated hydraulic conductivity. 4. For better quality of fitting there are necessary further investigations on soil with higher differentiation regarding texture. 
